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ABSTRACT

The purpose of this investigation is to ascertain
the feasibility of a proposed high gain antenna pendulum
for the Lunar Roving Vehicle (LRV). The investigation was
limited to non-steady accelerations encountered when the
LRV traverses a level lurain whose roughness is characterized
by a power spectrum equivalent to a mid-range smooth mare.
It is concluded that the proposed pendulum design is not
practical; in fact, the pendulum excursiong exceed those of

the LRV.
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INTRODUCTION

The purpose of this investigation is to ascertain
the feasibility of a proposed high gain antenna pendulum
for the Lunar Roving Vehicle (LRV). The function of the
pendulum is to assist the antenna in acquiring earth by
aligning itself along the lunar vertical axis. This investi-
gation is limited to non-steady accelerations encountered
while traversing a level lurain whose roughness is character-
ized by a power spectrum equivalent to a mid-range smooth
mare (Reference 1). No attempt has been made to evaluate
gquasi-static accelerations that result from such maneuvers
as braking, accelerating, and turning.

The egquations of motion were programmed on the
UNIVAC 1108 digital computer. Five computer runs were made
by varying the damping ratio (0, 0.1, 0.2, 0.5, and 1.0
critical damping). Although the .5 damping ratio gave the
best results for the proposed design (35 inch pendulum) the
pendulum elevation angle (6 in Figure 1) exceeded LRV excur-
sions as the LRV negotiated a 32 second traverse.

EQUATIONS OF MOTION OF A SPHERICAL PENDULUM

As can be seen from Figure 1, there are only two
degrees-of-freedom for a spherical pendulum (6, ¢). However,
if one examines the ¢ equation of motion (p. 81, Reference 2),
assuming non-constant ¢ angular momentum

(mstinzeg + 2mstin6coseé$ = F(¢)) , (1)




o

one finds a potential singularity existing for the digital
computer about 6 = 0 and n. It is for this reason that this
natural coordinate system was abandoned in favor of the

basic X, Y, Z cartesian system and the Lagrange multiplier A.
Before we formulate these equations, let us first write a
relationship between the moving xyz and the basic XYZ systems
and then construct a damping model for the pendulum as follows:

i cos ¢ cos 6 sin ¢ cos & sin ® T
52 = |-sin ¢ cos ¢ 0 J (2)
k | ~cos ¢ sin o -sin ¢ sin @ cos © K
8 . n
T, = — (c + ble|") (3)

De

where 1 J k and T T K are unit vectors along the moving (xyz) and

basic (X Y 2) coordinates axes, respectively. Te is the damping

torque for 6 motions and b,c,n are constants, which characterize
the damping model.

The pendulum motion is constrainted along z. This
constraint can be expressed as follows:

(XX + YY + 2Z) = 0 . (4)
Next, the Lagragian is formulated as follows:

2

L = l/2m(5(2 + Y4 + iz) - mgd (5)

where m is the mass of the pendulum and g the moon's gravity.



The three Lagrange equations of motion together
with the derivative of the constraint equation are given
below (with the help of equation (2)) in matrix notation.

~ T . r T
mO 0 X X —may - cos¢coseTe/R
0moOyY § -ma,, - sin¢cosoT_/R
{ y = { & (6)
0 0m2Z Z -ma, - sineTe/R - mg
XY 20 Lx (%% + ¥% 4+ 3%
- . s . 4
where

R = pendulum length,

a sa,sa, = input accelerations at pendulum gimbal,

X'y
cosd = -Z/R, sing = (X2+Y2)l/2/R,
cos¢ = X/(X2+Y2)l/2,and sing = Y/(X2+Y2)l/2
If X2 + Y2 = 0, then cos¢ and sin¢ can be defined by replacing

X and Y with their derivitives. If kz + ?2 = (0 also, then cosd
and sin¢ are assumed to be unchanged from their values at the
previcus time step.

After solution of equation (6), the derivatives and
displacements are computed as follows:
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and
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X! X X X
Y = (v +h/2 8 ¥ +4 v
Zi+h Zi Zi+h Zi

where h is the time interval. The pendulum invariant length
is next computed

1/2

_e2 2 2
R. = (X" + Y + 2 )i+h (8)

i+h

and the displacements corrected as follows:

X X
Y = R/Ri+h Y (9)
Z}i+h ZJi+h

INPUT DATA AND RESULTS

Computer runs were based on the following input data:

m= .03 1lb. sec.z/inch,
R = 35 inches,

61.8 inches/sec.2

Q
]

c =20

n = 1 (linear damping)




The damping coefficient b was obtained by the following
expression:

b = mr% (g/R) /2 28 (10)

where (g/R)l/2 is the natural frequency (1.33 radians/sec) of
the pendulum for small motions and B is the so-called damping
ratio. Computer runs were made for 8 = 0, .1, .2, .5, and 1.0.
The input accelerations every .025 seconds were obtained from
another computer run of 32 second duration using the digital
program ROVER (References 3 and 4). For this run the LRV was
made to traverse essentially a straight course at full throttle
(approximately 13 km/hr speed) over a lurain whose power
spectrum is equivalent to a mid-range smooth mare (Reference 1).

The output of ROVER in binary format contains among
others things a 3x3 direction cosine matrix, six velocities
and six accelerations about the body axes of the cg. of the
vehicle., These accelerations were transferred to the gimbal
of the pendulum as follows:

r Y i T 2
aX axo 0 w, my
4aY = [B] J ayo ? + w, 0 —wy
a a -w W 0
Z 0 z
NJ de by J |
(11)
- “) N
0 -az ay bx
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where

[(B] is the direction cosine matrix,
ayq7 ayO' a,, are total linear accelerations along body
axes at cg..,

by, by, by are body coordinates to gimbal from cg..,
Ao s ay’ a, are rotational accelerations about cgqg.,

wy’ w, are rotational velocities.

The results of elevation pendulum angles for all
five runs are summarized in Table I along with the elevation
angle of the LRV. These angles for the first four runs
together with the elevation angle of the LRV are plotted
against time in the Appendix. It can be shown that if the
length of the pendulum (and hence its period) is increased
by an order of magnitude the transmission of the gimbal
accelerations to the pendulum would be vastly reduced.
However, for the proposed design, this is not practical.

It can be concluded that the proposed pendulum design is not
feasible while the rover is traversing a mid-range smooth

mare lurain.
N Nawfmom

2031-SK-jf S. Kaufman
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FIGURE 1 - SPHERICAL PENDULUM




TABLE 1

COMPARISON OF PENDULUM AND LRV

ELEVATION ANGLES

The above statistics approximates a

. Pendulum Elevation Angle - Degrees
Damping

Ratio - B Maximum Mean Standard Deviation

0 30.2 9.76 6.46

.1 22,2 8.15 4.68

.2 19.3 7.87 4.08

.5 14.9 7.69 3.51

1.0 20.6 6.73 4.08

6.96 2.57 1.36

LRV Elevation Angle - Degrees

Raleigh distribution f(X)

Mean = ovn/2

Std. dev.

=cC

/o - L

2

Probability function

g

X e-x2/202

2

X 2,2
f f(y)dy = (1 - e X729,
0
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APPENDIX

The Appendix contains a plot of angle in degress vs.
time for a portion of the 32 second traverse. The portion
chosen (26.25 - 31.0 seconds) contains the maximum pendulum
elevation angles. Five curves are shown: four graphs of the
pendulum elevation angle for 8 = 0 (curve A), 8 = .1 (curve B),
B = .2 (curve C)- and 8 = .5 (curve D), and a graph of the
elevation angle of the LRV (curve E). The elevation angle of
the LRV is the angle between the vertical body axis and
vertical inertial axis or the inverse cosine of the (3, 3)
term of the direction cosine matrix. The author is indebted
to Mr. R. D. Weiksner of Bellcomm for these curves.
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